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Healthcare is one of the major applications of wireless systems that possess crucial issues.
Speciﬁcally developing countries require a low cost and reliable network with efﬁcient
protocols. The most challenging concern of Body Area Network (BAN) is heterogeneity, which
requires fairness with reliability among all the network nodes. Solutions proposed for these
networks either do not provide fair packet transmission or consume high energy and introduce
delays. In this paper, we propose a cross layer protocol for healthcare applications meeting the
requirements and challenges of the heterogeneous BAN. The protocol is also feasible for
developing countries as it can be implemented over existing wireless infrastructure and
provides high network reliability with energy efﬁciency through cooperation and adaptability.
Results show that the proposed scheme improves reliability, throughput, Packet Delivery Ratio
(PDR), and energy consumption for scalable and mobile networks over conventional BAN
protocols.
& 2015 Chongqing University of Posts and Communications. Production and Hosting by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The use of a WSN (Wireless Sensor Network) has facilitated
every ﬁeld of life in the last few decades; whether it is5.11.001
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Chongqing University of Postsobject tracking, military surveillance, industrial control,
security or health monitoring. All these diverse applications
have different requirements and there is no general solution
to meet their demands and services. The use of a WSN in
healthcare became an emerging trend in the developing
world [1] which also gives rise to new issues and challenges.
These problems of e-health services are more prominent in
developing countries [2]. New generation networks and smart
phones have increased the use of mobile health monitoring
for elderly people and wireless aid in rural areas. According
to reviews [3,4], e-health is growing with emergingroduction and Hosting by Elsevier B.V. This is an open access article
y-nc-nd/4.0/).
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puting and also with advancement in 5th generation networks
[5]. Studies [6,2] show that distant online aid and diagnosis
can provide health services in interactive and modiﬁed ways,
even in developing countries.
Moreover the successful deployment of wireless healthcare
monitoring systems rely on reliability and robustness of the
sensor network, which can be affected by interference [7].
Instantaneous and on-time delivery of the patient's data is
essential for mobile treatment and medical services. Also the
requirements of BAN vary with its application that should be
achieved by managing the resources of the sensor network
efﬁciently.1.1. Body Area Network (BAN)
BAN is an emerging ﬁeld of WSN, where different sensors are
deployed inside and over the human body for health monitor-
ing purpose. These networks require competitive protocol
design to provide robust communication of health parameters
for quick diagnosis and treatment. Medical wireless networks
can be classiﬁed as hospital based applications and distant
monitoring. Fig. 1 illustrates the use of Wireless Sensor Net-
works for different healthcare applications. Collecting data for
several patients to a central data-base system makes it easier
to monitor and locate an abnormality in large data sets. Also,
sensor networks used for distant monitoring of elderly people
gives them freedom to move freely while they are also being
continuously monitored.Fig. 1 Use of WSN forWireless Sensor Network are broadly classiﬁed as homo-
geneous and heterogeneous, are based on network and data
types. Homogeneous networks consist of nodes with the
same functioning capabilities; hence such networks are used
in sensing of similar kinds of data. However [8] complexity
of wireless networks increases with heterogeneity as they
demand different types of data to process.
Fig. 2 shows different types of homogeneous and hetero-
geneous networks being used. In BAN, heterogeneity arises
with nodes implanted for measurements of different health
parameters and has different power and computation levels to
perform various tasks. Usually BANs are dense network
because sensors mounted on the human body lie in same
radio range. There is a possibility that several BANs operate in
the same area. Therefore, interference issues and challenges
of heterogeneous networks should be resolved for BANs. Some
of the BANs applications, standards, challenges and their
solutions are proposed [9,10]. Research in [9] concluded that
BANs exhibit critical interference and energy issues which in
turn affects network reliability. Therefore designing of BAN
network and its protocol is more difﬁcult as compared to a
conventional WSN.1.2. Challenges
Communication frequency and standards in BANs must
provide interference free transmission without harming
the human body. In the early days of BAN communication,
techniques such as Bluetooth classic, Bluetooth low
energy, ZigBee, sensium and ANT were used; howeverhealth monitoring.
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a Body Area Network [11]. Considering the importance of
reliable communication, a new protocol 802.15.6 was
proposed for medical applications [6]. Also a new trend
of Intra Body Communication (IBC) is introduced to com-
municate data by using the body as a medium of propaga-
tion [12]. But these advance communication methods are
costly and complex. In this paper, we aim to achieve highFig. 2 Types of Wireless Sensor Network ((a) Homreliability in healthcare applications with low cost com-
munication link that is 802.15.4. Robustness and latency of
healthcare systems can also affect online medical aid and
treatment [13]. Most of the BAN protocols introduce delays
and complexity in the network to gain reliability of the
system. However, low latency is required in BAN applica-
tions to deal with emergency cases. In the proposed
scheme, robustness in communication will be maintainedogeneous WSN and (b) Heterogeneous WSN).
H.A. Salam, B.M. Khan38by managing overheads and gains at cross layers using less
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The size of BAN and mobility of the sensor nodes may vary
from one application to another [14]. Monitoring of patients
in hospitals, rural areas, refugee camps and in-door patients
at home. all these applications have different network sizes
and nodes ranges. Therefore scalability and mobility are
some more factors that can affect the quality and perfor-
mance of the BAN [7]. Hence, adaptability is introduced in
the proposed protocol allowing the network to adapt the
changes and set the network parameters in order to provide
optimized results, resulting in high performance in scalable
and mobile networks.
Considering these challenges of BAN and resource limita-
tions in developing countries. this paper proposes a com-
prehensive design of a protocol which can overcome the
issues of BAN communication with effective cost. The rest
of the paper is arranged as follows: literature review of
some recent technologies and its challenges are presented
in Sections 2 and 3 provides a detail explanation of the
proposed scheme, simulation parameters are discussed in
Section 4 and results in Section 5. Further discussion on the
results is present in Section 6 and the conclusion in Section 7.2. Literature review
Interference, latency and energy consumption in BAN are
high due to heterogeneity, high node density and complex
protocol design [9]. In hospitals, there are more chances of
data collision due to the large number of BANs present in
the same radio range. Also for an individual network, the
number of nodes presented on a human body can cause data
collision over communication link for prior transmission.
Comparison of some BAN communication standards along
with highlighted challenges are presented in [15]. Some
interference issues and their mitigation schemes are also
presented and compared in [7]. This survey [7] concluded
that many schemes are available to resolve interference but
they have a tradeoff between network throughput and
energy. Different techniques at cross layer can provide
greatly enhanced results for most of the performance
parameters [7]. The protocol proposed in this paper, when
applied, minimizes the interference issues at cross layer
through cooperation. This will maintain the high throughput
of the network at a low energy cost. Channel condition and
link state are more critical in BAN due to the shadow effect
of a body. Several researchers have studied the effect of
noise and interference on different channels in BAN and
proposed improved channel models and noise ﬁltering
techniques [16].
Huge amount of data trafﬁc in any network is one major
cause of data loss. This can be reduced by reducing data
trafﬁc either by combining packets or by forming clusters in
a network. A smart phone based clustering algorithm is
presented in [17] that ﬁrst classiﬁed the nodes under
different clusters and further classiﬁcation in each cluster
for epidemic control is made using graph theory. However,
the control packet overhead in this algorithm introduces
delay in the network, which is unacceptable for most of the
BAN applications. To enhance the performance of network
in a cluster, a spatial reuse super frame method is used [18]through which different cluster heads can communicate at
same time. This process is useful for large networks since
neighboring cluster heads have different super frames for
collision free transmission but channel utilization in a
majority of small BAN applications will be reduced.
To increase the throughput of a network, use of multi-
channel at medium access control (MAC) was introduced
[19,20]. The MAC using a TDMA (Time Division Multiplexing
Access) based scheme avoids collision and adaptive network
parameters and increases the network lifetime. However, the
exchange of control packets for node selection [19] and
mechanism of multiradio [20] increase the delay and energy
consumption of the network. Another adaptive MAC using
variable sleep and wakeup timings is proposed to conserve
network power [21]. This protocol needs strict synchronization
among nodes for collision free communication. Fuzzy logic
control mechanism with MAC was also implemented [22]
where the input parameters are adaptived to improve network
latency and throughput. However, this protocol also consumes
high energy.
Reliability at heterogeneous network is also difﬁcult to
maintain and these may lead nodes to unbalance resource
states. To make the heterogeneous network more reliable,
clustering based on node's heterogeneity is presented [23].
Different aspects of heterogeneity are discussed and their
routing protocol has been analyzed. They [23] concluded
that the power level heterogeneity has more effect on the
network which can be resolved using resource constraint
routing scheme. Dense networks and heterogeneity have
made the routing more challenging for BANs.
An algorithm using optimal data rate of body sensors to
enhance the network gains is presented in [24]. In a multi-
hop environment, sensor nodes send their data towards the
network coordinator depending on coordinator's data rate
[24]. This reduces the packet loss on the network since the
nodes adjust their rates accordingly. But the analysis does
not consider the collision created by the relaying nodes
which may also deteriorate the network efﬁciency. Some
other routing protocols are proposed to minimize the energy
consumption of nodes but they increase the control over-
head. Another communication protocol was designed [25]
that exchanges a beacon among nodes to identify the link
status and power level and to transmit data at adequate
power. Researchers also worked on energy conserving rout-
ing algorithms in [26–28]. They improved BAN routing by
classifying trafﬁc depending on the node's resources and its
memory. After classiﬁcation, nodes combine their data
based on probability [28]. A scheme called Distance Aware
Relaying Energy efﬁcient protocol (DARE) [29], proposed
estimating the link connectivity strength with each base
station and then transmitting on the best available link.
When the process is repeated by each individual patient,
this increases the network latency. Since real time and
robust communication in BAN is necessary for an early
response in a medical emergency, therefore this protocol
is not suitable for critical BAN applications.
Link disconnections in mobile networks are a common
cause for lowering network throughput and reliability. A
multi-hop network with numerous relaying nodes or ﬁxed
access point architecture is needed to eliminate the issues
of mobility in wireless BANs. Complete system architecture
of hardware and software is presented in [14] to detect and
39Use of wireless system in healthcare for developing countriestrack disease movement. Transmitting data on any abnorm-
ality is achieved through a personal server for real on-time
transmission. A seamless mobility with inference free rout-
ing is proposed [30] that uses coded communication for
reliable transmission of data along with spatial coloring
reuse which increases the energy efﬁciency of the network.
Recent research work that has been done for BANs
provides gains at some places but they also introduce delay
in data transmission or add complexity in network design. To
overcome the issues of heterogeneous BANs discussed
above, a cross layer scheme is proposed in this paper based
on node cooperation. BAN-XL (Body Area Network Cross
Layer) protocol uses less complex methods and provides
effective network performance. In the rest of the paper the
proposed cross layer BAN protocol will be termed as BAN-XL
i.e. Body Area Network Cross Layer Protocol and conven-
tional cross layer of 802.15.4 and AODV as BAN-Conv.Fig. 3 Flow Diagram o3. BAN-XL: the proposed scheme
BAN-XL protocol is a cross layer protocol with a cooperative
routing algorithm and adaptability to the network para-
meters that provides high reliability in BAN applications
within bounded time. The MAC protocol used in BAN-XL is
802.15.4 with adaptability and routing with cooperative
AODV. The main cause of reduced network reliability in BAN
network is interference on the radio channel, since multiple
nodes transmit data simultaneously over the shared link. To
eliminate this issue, cooperation among source nodes is
introduced. This half-duplex cooperation incorporated in
BAN-XL maintains reliability with improved spectral efﬁ-
ciency. Sensor nodes on a human body generating data will
cooperate with its neighboring node to transmit data success-
fully. These nodes do not cooperate every time they generate
data instead the protocol works in two modes depending onf BAN-XL protocol.
H.A. Salam, B.M. Khan40the network resources. If the source nodes are present in the
same radio range and have enough power to cooperate, only
then they enter into cooperative mode. In the other scenario,
nodes follow a non-cooperative mode of transmission and
send their data separately. In cooperative mode, the source
node piggybacks its data packet with the data of the
neighboring node using a simple aggregation technique which
transforms these two data packets into a single compact
packet. This aggregation of data reduces the trafﬁc on the
network and forwards the data of several nodes using one
source node as a transmitter. The complete process ﬂow of
the proposed BAN-XL protocol is shown in Fig. 3.
Aggregation of data packets in the proposed scheme costs
some extra overhead and energy but the gains are far more
than these. This is because aggregation reduces routing,
MAC contention and network delays in a network. Transmis-
sion via a single node will transmit more data in fewer
transmission slots which in turn improves the energy
efﬁciency of network and latency. Moreover, the introduc-
tion of adaptability at the cross layer conserves energy by
avoiding excessive transmission of control packets. Back off
exponential and retransmission limits is also made adaptive
at MAC. These adaptive parameters will change their values
on the basis of the network data rate and the node’s
mobility; and in result provide high network gains. The
adaptive interval between control messages at the network
layer optimizes their transmission rate that may introduce
trafﬁc, consume network energy and also utilize the chan-
nel capacity [31]. This will enhance the network perfor-
mance by better utilizing the bandwidth and will reduce
collision caused by control packets. The adaptive protocol
nature maintains the quality of service in dynamic and
mobile networks where there is a frequent link update and
disconnection.
Hence using a less complex algorithm for aggregation and
adaptive parameters in BAN-XL, the overall network perfor-
mance can be improved for heterogeneous BAN. Furthermore,Tab. 1 Simulation parameters.
Network parameters BAN-Conv protocol
Small network Large ne
Number of nodes 7 12
Number of source node 2 4
Simulation time 5 s
Simulation area 30 30 m2
Node’s speed 0–8 m/s
Data Packet size 1k bits
Trafﬁc type CBR
Contention Window Size 2
Frame Duration 15.3 ms
Control Slot duration 0.318 ms
Data rate 10–80 kbps
Mobility model Random way point (pause time=
MAC protocol 802.15.4
Max back off exponential 5
Retrial limit 4
Routing protocol AODV
Control message interval 1 sthe protocol is favorable for developing countries since it does
not require any extra cost for using a special medical
communication band and can use existing infrastructure for
deployment of such systems. Most of the heterogeneous
networks including 802.15.6 BAN standard use multi-channels
for reliable transmissions, whereas BAN-XL saves the network
bandwidth by utilizing a single channel for transmission.
However, the remaining channels of 802.15.4 in BAN-XL can
be used by other neighboring networks. The proposed coop-
erative routing can also be used with existing BAN applications
using 802.15.6 frequency bands to further enhance their
performance. Results are obtained for both BAN-XL and BAN-
Conv protocols under several network scenarios to analyze the
performance of both schemes.
4. Simulation parameters
Simulation is carried out for small scale and large scale
networks to analyze the performance of BAN-XL and
BAN-Conv protocols with different network sizes. Model
network is a multi-hop network of heterogeneous nodes.
Different network scenarios are considered to observe
the effect of protocol in different BAN applications. Some
of the network parameters used in the simulation are listed
in Tab. 1.
4.1. Performance metrics
Performance metrics taken in to consideration for the
network are reliability, throughput, Packet Delivery Ratio
(PDR) and energy consumption.
4.1.1. Reliability
Reliability is concerned with the amount of data received
accurately at the receiver end with minimum delay. In BAN,
high reliability has great concern for proper medical aid andBAN-XL protocol
twork Small network Large network
7 12
2 4
5 s
30 30 m2
0–8 m/s
1k bits
CBR
2
15.3 ms
0.318 ms
10–80 kbps
0.1 s) Random way point (pause time=0.1 s)
802.15.4 (improved)
3–5 (adaptive)
3-8 (adaptive)
AODV (improved)
0.25-1 s (adaptive)
Fig. 4 Reliability of static small scale network.
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by Eq. (1),
Reliability¼ Received bytes
Total bytes transmitted
 100 ð1Þ
4.1.2. Throughput
Throughput of the network is a measure of successful
number of received bits at the receiver end in unit time.
It is the requirement of BAN to transmit information of
patients at every instant, especially abnormal data, to deal
with any emergency immediately. Therefore, throughput of
the network should be high to keep the network manager
updated. The network throughput can be expressed math-
ematically by Eq. (2),
Throughput¼ 8  x
TbþTrþTaggþThi
ð2Þ
Tb ¼ No: of retrials  backoff delay ð3Þ
Tagg ¼ TencþTdecð Þ  data rate ð4Þ
Thi ¼
No: of control packets
time
ð5Þ
where x, Tb, Tagg, Tenc, Tdec, Thi are number of packets
received successfully, MAC backoff delay, time required for
route discovery, time required for data aggregation, time
for encoding data bits, time for decoding data bits, delay
introduced due to hello interval respectively.
4.1.3. PDR
Packet Delivery Ratio (PDR) is use to determine the efﬁ-
ciency of the network. It is the ratio of number of data
packet received with respect to the packets transmitted.
PDR can be expressed using Eq. (6),
PDR¼ No: of packets received
Total no: of packet transmitted
ð6Þ
4.1.4. Energy
Energy consumed during network setup, routing and data
transmission cause power loss in a network. In BAN, these
consumptions should be lowered to enhance the network
lifetime because implanting of nodes and their batteries in
the human body is difﬁcult. Equation for energy consump-
tion in the network can be stated mathematically by Eq. (7),
Energy¼ ETxþEMACþEaggþEmobþEr ð7Þ
where ETx, EMAC, Eagg, Emob, Er are signal transmission
power, energy consumption at the MAC layer, power con-
sumption for data aggregation, energy depletion due to
mobility, energy consumed during the routing process
respectively.
5. Results
Results are obtained for different scalable and mobile
networks to ensure high quality performance of proposed
scheme. For a small scale network it is considered thatthere is only one patient with number of heterogeneous
nodes. The heart rate sensor and pressure sensor are two
different types of source nodes used in simulation. Heart
rate sensor measures the electrical activity of the heart
cycle and the pressure sensor measures the blood pressure.
A microcontroller used in these nodes converts the analog
signals into digital data, this data is then forwarded towards
the sink node. These source nodes aggregate their data if
they satisfy the condition for cooperation i.e. source nodes
present within the radio range and they have enough power
to cooperate. More patients within range are added for the
simulation of the large scale BAN. Each body aggregates
data of its own sensor nodes and transmits. Hence coopera-
tion is done on each individual patient for the large
network. Since the protocol is suitable for scalable net-
works, thus we can add numerous heterogeneous body
sensors nodes (such as temperature, accelerometer and
respiration sensors) in the network. These sensors may have
different data rate depending upon the requirements of
patient. Most critical patients need continuous monitoring
of health parameters and require high transmission rates
however distant monitoring of patients (home based) can be
done with reduced data rates. Therefore, the data rate of
the sensor nodes varies from 10 kbps to 80 kbps for simula-
tion purpose. Also, the performance of the protocol is
analyzed for mobility in large networks as well. In this
scenario, patients in BAN having different wireless sensors
move freely. Data of similar type from different patients are
aggregated. Each patient is not sending combined packets
of its own data instead, to analyze the effect of mobility,
data packet is combined with similar node of the neighbor-
ing body. Results of the mobile network with two different
speeds are obtained and analyzed.5.1. BAN static network
5.1.1. Reliability
Reliability results of small BAN using BAN-XL and BAN-Conv
protocols are presented in Figs. 4 and 5 below. In Fig. 4,
reliability of BAN-Conv is continuously decreasing by
increasing the data rate of the network. The network with
BAN-Conv is 85%, 55%, 35% and 30% reliable for 10, 30, 50
and 80 kbps of the node's data rate respectively. This drop in
network reliability is due to increase in packet collision
rate, however aggregated data packets and cooperation
resolve this issue in BAN-XL and maintains the overall
Fig. 5 Reliability of static large scale network.
Fig. 6 Throughput of static small scale network.
Fig. 7 Throughput of static large scale network.
Fig. 8 PDR of the static small scale network.
Fig. 9 PDR of static for the large scale network.
H.A. Salam, B.M. Khan42reliability above 90% for the data rates from 10, 30 and
50 kbps.
Drop in reliability of BAN-XL is observed at high data rate
of 80 kbps where the network is 70% reliable. Although, this
result is acceptable as the BAN-XL network is still 40% more
reliable at high data rates in comparison with BAN-Conv.
Fig. 5 shows the reliability results for the large scale
network. At data rate of 10 kbps, reliability is 55% and 85%
for BAN-Conv and BAN-XL respectively. By increasing the
data rate to 30 kbps, reliability of BAN-Conv and BAN-XL areimproved and attain 75% and 95% respectively. However for
the much higher data rates of 50 and 80 kbps collisions are
introduced on the network which slightly drops the BAN-XL
reliability but the results are still better than BAN-Conv.
5.1.2. Throughput
Figs. 6 and 7 show the throughput of static BAN for both
BAN-XL and BAN-Conv protocols. According to the results in
Fig. 6, an increase in the data rate in small network
increases the results utilization of both protocols but this
change is more signiﬁcant in BAN-XL. At the data rate of
10 kbps, the throughput is 17 kbps and 20 kbps; at 30 kbps,
it is 32 kbps and 59 kbps; at 50 kbps, throughput is 33 kbps
and 97 kbps; and for data rate of 80 kbps, its 46 kbps and
106 kbps for BAN-Conv and BAN-XL respectively.
Fig. 7 shows that the throughput of large static network is
also improved using the proposed scheme. At the data rate
of 10 kbps, the throughput is 22 kbps and 34 kbps; at data
rate of 30 kbps, it is 89 kbps and 115 kbps; at the data rate
of 50 kbps, throughput is 117 kbps and 192 kbps, and for the
data rate of 80 kbps, its 103 kbps and 242 kbps for BAN-Conv
and BAN-XL respectively.
5.1.3. PDR
Figs. 8 and 9 show the PDR of BAN-XL and BAN-Conv
protocols with different network sizes. PDR in conventional
scheme (Fig. 8) for the small network is lower as compared
to that of BAN-XL. Furthermore, with the increase in data
rate, the PDR for the conventional protocol decreases
drastically. PDR results for BAN-Conv are found to be 0.85,
0.53, 0.33 and 0.28 for 10 kbps, 30 kbps, 50 kbps and
80 kbps respectively, whereas the PDR of BAN-XL is 1,
Fig. 10 Energy consumption of the static small scale network.
Fig. 11 Energy consumption of the static large scale network.
Fig. 12 Reliability of the mobile large scale network.
Fig. 13 Throughput of the mobile large scale network.
Fig. 14 PDR of the mobile large scale network.
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80 kbps.
PDR for the large scale network is shown in Fig. 9. For
BAN-XL, PDR is maintained above 0.9 at 10 kbps, 30 kbps
and 50 kbps. Although, by further increasing the data rate
up to 80 kbps, a drop is observed of about 30% in PDR of
BAN-XL but results are still better than the BAN-Conv
protocol. PDR of BAN-Conv is 0.85, 0.55, 0.35 and 0.30 for
10 kbps, 30 kbps, 50 kbps and 80 kbps respectively for the
large network.5.1.4. Energy
Energy consumption of the BAN network is shown in Figs. 10
and 11. The small network results in Fig. 10 show that
energy consumption for BAN-Conv is higher for different
network densities. At the data rate of 10 kbps, power
consumption is 28 mW and 22 mW, for 30 kbps, its 40 mWand 30 mW, for 50 kbps, its 52 mW and 36 mW and for
80 kbps, energy depletion is 67 mW and 50 mW for BAN-Conv
and BAN-XL respectively. BAN-XL proves to be an energy
efﬁcient protocol for the large network as well, as shown in
Fig. 11.
BAN-Conv power consumption in the large scale network
(Fig. 11) is 10 mW, 33 mW, 55 mW and 88 mW for 10 kbps,
30 kbps, 50 kbps and 80 kbps respectively. Also for BAN-XL,
energy consumption results for the data rate of 10 kbps,
30 kbps, 50 kbps and 80 kbps are 6 mW, 11 mW, 31 mW and
51 mW respectively.
5.2. BAN mobile network
5.2.1. Reliability
Result for reliability of BAN-XL and BAN-Conv for the large
scale mobile network is presented in Fig. 12. For the slow
speed of 4 m/s reliability, results for BAN-Conv and BAN-XL
are 61% and 82%, 45% and 98%, 35% and 90% and 21% and 70%
for 10, 30, 50 and 80 kbps data rates respectively. The
similar network results for the speed of 8 m/s are 61% and
80%, 43% and 92%, 19% and 74% and 8% and 52%. Hence,
from the results it is visible that BAN-XL can perform
efﬁciently in a network with mobile nodes as well.
5.2.2. Throughput
Throughput results for two protocols in a mobile hetero-
geneous BAN are presented in Fig. 13. BAN-Conv throughput
for 10, 30, 50 and 80 kbps data rates are 12 kbps, 27 kbps,
35 kbps and 34 kbps for mobility of 4 m/s and 12 kbps,
Fig. 15 Energy consumption of the mobile large scale
network.
H.A. Salam, B.M. Khan4426 kbps,19 kbps and 13 kbps for speed of 8 m/s. Whereas
BAN-XL has improved the results for both mobility speeds
and gains throughput of 16 kbps, 60 kbps, 90 kbps and
11 kbps at 4 m/s and 16 kbps, 56 kbps, 74 kbps and 83 kbps
at 8 m/s for the data rate of 10, 30, 50 and 80 kbps
respectively.
5.2.3. PDR
PDR for the mobile network is also analyzed whose results
are shown in Fig. 14. For two different speeds and at
different data rates, the PDR of BAN-XL shows enhanced
results over BAN-Conv. At a speed of 4 m/s, BAN-Conv and
BAN-XL achieved PDR of 0.6 and 0.8 at 10 kbps, 0.44 and
0.98 at 30 kbps, 0.35 and 0.9 at 50 kbps, 0.21 and 0.7 at
data rate of 80 kbps respectively. PDR results for mobility of
8 m/s are 0.6 and 0.8, 0.43 and 0.9, 0.19 and 0.74 and 0.08
and 0.52 for BAN-Conv and BAN-XL respectively.
5.2.4. Energy
Low energy consumption of BAN-XL in mobile scenario can
be observed from Fig. 15, which shows that the energy
depletion increases with the increase in trafﬁc and mobility
in both protocols. Energy consumption for BAN-Conv at 4 m/
s is 26 mW, 33 mW, 55 mW and 69 mW and for 8 m/s, results
are 28 mW, 42 mW, 58 mW and 73 mW respectively for
increasing data rate. But BAN-XL also proves to be energy
efﬁcient in the large mobile network. Energy consumption
of BAN-XL is 19 mW, 31 mW, 40 mW and 49 mW for 4 m/s and
14 mW, 30 mW, 38 mW and 53 mW for 8 m/s respectively.
6. Discussion
Reliability of network using the BAN-XL protocol has
increased in all different types of networks. The difference
in results for both protocols is because the proposed scheme
uses channel capacity efﬁciently by combining data packets
and up to a 65% improvement is achieved in network
reliability by using the BAN-XL protocol for different size
of static networks. Along with cooperation, BAN-XL also sets
its adaptive parameter according to network trafﬁc and
provides maximum reliability. With mobile nodes, adaptive
frequency of control packets based on network data rates
and mobility in BAN-XL reduces the adverse effect of
mobility. On increasing data rate, reliability of BAN-Convstarts to decrease and this drop rate is more for high speed
nodes. However, the reliability of BAN-XL in similar scenario
is improved. BAN-XL updates the network table more
frequently if the mobility of nodes is high. And similarly,
reduces the frequency of control packets for nodes moving
with a slow speed. BAN-Conv, however, degrades the
reliability by transmitting control packets irrespective of
the network dynamics. Mobile BAN is found to be much more
reliable with the BAN-XL protocol and this improvement is
up to 61% in comparison to BAN-Conv. This enhanced
reliability in mobile networks makes BAN-XL useful for
monitoring patients along with providing them indepen-
dence to move freely.
Observing the throughput results for both protocols, BAN-
XL and BAN-Conv, we can conclude that BAN-XL can transmit
more bits successfully in unit time and enhance the
throughput of the network. On changing data trafﬁc, BAN-
XL conﬁgures its MAC parameters and controls packet
interval accordingly which help in transmitting more data
in fewer transmission slots thus reducing delays and retrans-
missions at MAC. This ability of BAN-XL also makes the
protocol useful for dynamic and large networks. However, in
BAN-Conv, data packets are lost while channel contention
and MAC delays are signiﬁcant. It also does not adjust the
frequency of control packets which results in further
degradation in network throughput. Over all percentages
improvement of BAN-XL throughput for the static node is
found to be 57%. For the mobile network, BAN-Conv
throughput decays as the network trafﬁc increases. This
drop of BAN-Conv is greater for highly mobile nodes, since a
large number of data packets are lost due to path discon-
nects. BAN-XL, in this case, provides high throughput at
various data rates, even at high node speed by using recent
network updates. Frequent updating of the routing
table causes data to be delivered successfully with reducing
retransmission and enhancing network throughput.
Throughput increase for the mobile network in BAN-XL is
found to be 70% from that of BAN-Conv.
Most of the data packets in the BAN-Conv network cannot
reach their destinations even at low data rates which drops
the PDR of the network. Also, control packets in BAN-Conv
utilize channel capacity and allow fewer data packets to
transmit successfully. For the same network BAN-XL gives
enhanced PDR by incorporating adaptability and coopera-
tion. It maintains PDR of the network even at high network
density through aggregation. Result shows that improve-
ment in PDR of the network using BAN-XL in the static
network is almost 69% over BAN-Conv. PDR for mobile
network is also improved using BAN-XL as the protocol
adapt network parameters such as MAC backoff delay,
retrial limits and update control packet interval to max-
imize the network PDR. However, by increasing mobility, the
PDR of the conventional scheme drops signiﬁcantly. Pro-
posed BAN-XL maintains the ratio at different speeds. It
transmits maximum data packets by adjusting network
delays and control packets depending on network mobility
and trafﬁc load. PDR improvement for mobile network of
BAN-XL is up to 44%.
BAN-XL proved to be energy efﬁcient in all network
scenarios. It consumes less energy by initiating routing at
fewer nodes. Source nodes forward aggregated data packets
via a single transmitting node in range. Optimized MAC
45Use of wireless system in healthcare for developing countriesdelays, retrial limits and control message interval also
improves the energy efﬁciency of BAN-XL in the large
network. One reason for the high power consumption in
BAN-Conv is the number of retransmissions that occur due to
packet loss. In the static BAN network, the energy con-
sumption of the network is reduced up to 42% in comparison
with BAN-Conv. BAN-Conv wastes the network energy by
excessive control message transmission. Along with control
packets and packet loss, the node's mobility is also respon-
sible for loss in energy. This introduces retransmission in the
network which costs extra energy overhead. In BAN-Conv
energy consumption is high for even slow speed nodes,
which increases more with increments in data rate and
mobility. BAN-XL is made energy efﬁcient through coopera-
tion also in the mobile network where energy consumed for
exchanging control packets is optimized. Results for mobi-
lity prove that energy efﬁciency in BAN-XL is improved up to
29% and is, therefore, useful for distant monitoring of
mobile patients where sensor replacement is difﬁcult.7. Conclusion
Human healthcare and monitoring is one of the emerging
WSN ﬁelds which possess issues of reliability and latency.
Challenges of BAN are different from those of general WSN
applications, also their complexity increases due to avail-
ability of heterogeneous nodes within the network. These
issues are more prominent in developing countries due to
their limited resources and less advanced medical facilities.
To resolve these issues of heterogeneous BAN, this paper
proposes a cross layer protocol BAN-XL. BAN-XL provides
cooperative communication among nodes using a simple
aggregation method. Also, the adaptive nature of MAC and
network layer further improves the network performance
and its energy efﬁciency. Results of BAN-XL is compared
with the cross layer conventional protocol BAN-Conv. BAN-
XL provides 65% more reliable communication, throughput
improvement up to 70%, PDR 69% and power reduction up to
42%. From the results, it is concluded that the proposed
protocol work effectively with varying data rates, different
node's mobility and with different network sizes. The
protocol is a realistic solution for developing countries since
it is less complex and is highly reliable at low cost.
One limitation of BAN-XL is it piggybacks the data of the
source nodes with aggregation, which may affect the data
rate of the transmitting node. An individual node forwarding
aggregated data has to compromise on its data rate.
However, the overall throughput of the network has
increased. Our future directions will focus on enhancing
the channel capacity by implementing a coding scheme for
data aggregation. Authors are also developing a test bed to
get the experimental results of proposed protocol.References
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